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Holographic data storage 2 



Staggered data structure in holographic storage systems 

Fo^ecordtog data in holographic data^omge systems, data bite organized in. 
oaSes fare formed by a 2 dimensional grid of bits (for example using a light modulator 

«s with a two dimensional array of individually addressable elements (often also 

^^toTp^^oha^eltheronQTaff. Unlike conventional optical storage 
Sms Hke CD and DVD, the use of run length limited codes is not pursued, not 
becauee of the fact that this in principle impossible, but due to practical reasons. In 
hotographic systems, a ^dimensional pixilated light modulator can be used I to 

in tarami t portions of a so-called data beam resulting in an encoded data beam, which 

10 a^rffiSwith a reference beam can form a «^°^™**™™t e 
storage medium. Since the pixels in these light modulators determine the date bits, 
and the svstemwill be designed to be diffraction limited in order to achieve the 
h!ghe^dX of individual dots (data bits). Also other types of 

15 light modulators (like reflective) can be used. 

Consider the figures below. Drawn on top is a conventional ' f^^f^ 3 ^^ 3 ' 
This is not the most efficient way to make use of the available area In the med .urn 
20 and hence could results in a too low bitdensity. 

Solution and some embodiments 

it is croDosed to use a staggered data structure (as shown at the bottom In below 
piSu^thafcan increasefh'e data density by roughly 40%. , ^•"g^"* 
i* comDlexitv to the system. Lines connecting nearest neighbour data bits have an 
2 Sgte ^^o^apPoKlly 45 degrees with the edges of the data structure or data page. 

The basic difference is that due to a more closed packing morebite can be stored In 
the same area, whereas the distance between the individual data bits Is still 
30 reasonably large to avoid overlap. 
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To realize such a system, a data encoder having encoder elements for encoding a 
data beam (for example a 2 dimensional light modulator) needs to have a similar 
staggered structure, which doesn't actually pose any severe technical properties On 
the other hand a pixelated photo-detector having detector elements organized in a 
staggered structure needs to be used. A device like this is already on the market and 
being used in digital camera's (like FUJI Finepix CCD-series). For reference we have 
Included a picture of such a detector. 



* conuermonAL ocb 



• SUPER CCD 
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In conclusion, the proposed method can lead to a significant increase of the 
attainable data density in a practical system, or one can use this enhancement to 
reduce the size of the components neBded. 
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1 A nongraphic date storage ^ fo ^" 9 "*"-'* , 8 data bte 
Wngotgantod In a staggered date structure. 

pages in a ho^P^^^^e^ generating an encoded date beam. 

bSSrSSSS- 1 — organs in a 

staggered structure- 

^ fttnraoa device for reading from and/or recording data 
3. A holographic data storage^ device * r « devjce a 

pages in a holographic date ^f^^ generating an encoded date beam, 
staggered structure. 

- ss-SSKBSKSSr- — — 
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Phase-Retrieval in Volumetric 
Holographic Data Storage 

Wim Coene and Sjoerd Stallinga 
20-11-2003 



Abstract 

In the recording step for state-of-the-art holographic datastorage, the wavefronts 
are modulated in amplitude only by the spatial light modulator (SLM) in. ac- 

15 cordaueo with the 2D bit-pattern of the considered data page to be stored. The 

detection process on the CCD for tho reconstruction stop in holographic data 
storage is aot sensitive to tho phase of the wavefront after the SLM, We propose 
an adapted hardware set-up for the reconstruction step which enables phase- 
retrieval of the wayefront behind tho SLM, This makes, it possible to store two 
data pagos Instead of one per (angular or shift) multiplexing setting. Although 
this principlo is in general possible for other multiplexing methods, we have de- 
scribed it in more detail for the case of angle-multiplexing. Two methods for 

20 phase-retrieval ate proposed: (1) holographic restoration with an extra reference 

wavefront; and (2) a phase-stepping procedure. 



1 The Problem 

In. state-of-the-art holographic storage (with angle-multiplexing used as an ex- 
ample), the imago captured on tho CCD reflects the (squared) amplitude distri- 
bution of tho wavefront for the data page that was present on the spatial light 
modulator (SLM) during the rooording phase. Note that tho holographic record- 
ing also stores the phase information of the wavefront behind the SLM into the 
holographic medium (we will can this wavefront shortly the "SLM wavefront"). 
However, during recording at tho CCD, this phase information is lost. Therefore, 
in the current Btato-of-thc-art, the SLM wavefront ia only meaningfully modulated 
in amplitude, not in phase. 
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2 The Current Idea in a Nut-Shell 

"that also the phase-mfonnato of the SLM £j£ onB le (or ^ 

^^^^ 

3 prior Art: Holographic Data Storage 

31 Holographic Recording of a Data Page fecc also Fis«l 

(NPBS). On top, we have » LCD) whew typically the .an- 

trough a spatial light mod^tor (SLM) ^ fchQ bitg of tU e 

pfctude of the SLM P^.^^tSed yS the SIM wavefront denoted 
data page timt * «^ * ^SSSw L Xence arm", where the waye- 
ta- At the bottom, w hwjjj *!Xcnco wavefront denoted «/w (which 
^P^«^»^f^tSTS^ that can be tuned by the 
20 ta a plane wave acp^K • rV with awa «evecw ^ mtarforoin 

Elating). The two wavefrouts of the e ^ ^T^ . m<s dielectric constant in 
& SgtapMc medium: the portion-dependent part ot ta f ^ te 

data pages, the wave vector * sct^ by ^c gjwg ^ dopQ&d ^ pwt 

^£1^ of tbe multip pases 

becomes proportional to: 

^ocSjlAM + ^iK 1 -* 2 ' « 

a» -probo am" to W- A -«««&o* « P*»£ fot th6 rMMSttM to. 
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£(r) = 
l¥su. + ¥-*l 2 



Figure 1: Prior Art. Recording step for one data page of information in holo- 
graphic storage (-with angle-multiplexing). 

medium a wavefront that equals the SLM wavefront that was realized for the 
j-fch data page during tho recording of the data page. The SLM wavefront is 
imaged onto a CCD array, where the modulus squared of the wavefront \f aLM f 
is detected. , _ 

Note that instead of the SLM wavofront itself it is also possible to record the 2D 
Fourier transform of the wavofront into the holographic memory (the so-called 
"Eburier-pl&ne w set-up). Our idea applies to both architectures. 



4 New Idea 

4.1 Phase-Retrieval through Holographic Restoration 
4.1.1 Hardware Set-Up 

We propose a new reconstruction procedure as shown in. Fig. 3. There is a (non- 
polariKing) beam splitter (NBFS) yielding two separate light paths with mutually 
coherent wavefronts. Note that the bottom path is identical to the "probe arm" 
of the state-of-the-art reconstruction of Fig. 2 (apart from the registration on 
the COD): thus, it reproduces tho SLM wavefront ip 3ltM behind the holographic 
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Figure 2: Prior Art. Rocoiisferuction step for one data page of information in 
15 holographic storage (with angle-multiplexing). 

medium. In addition, the current idea comprises an extra light path drawn at 
the top of Pig. 3. This top light path produces a wavefront that passes through 
another grating (called "grating-B") that yields a plane wave with a wave vector 
demoted Kboi. The resulting (plane) wavefront is denoted $hrt- The wave vector 
is not at all relatod to that of the reference wavefront needed for the 
holographic reconstruction. The choices that determine K ho | will be discussed 

20 later in relation to the required post-processing of the COD image. Next, the 
wavefronta of the two branches, that is, tysLAf and Vw> aro *aad° to interfere 
before registration on the COD. Now, contrary to the state-of-the-art, the CCD 
records the power in the resulting wavefront, that is: Icon - l^hrf+^sxA* f- Note 
that this step as such is not new on its own, since it is a well known technique in for 
instance phase-retrieval for off-axis olootron holography [2]. It is the combination 
of this holographic phase-retrieval with holographic data storage that we claim 

25 as new insight, 

4.1.2 Post-Processing on CCD Image 

The different signal processing steps that are to be carried out on tho CCD imago 
are described in Fig. 4. First, for tho reconstruction of the j-th data page, we 
rewrite the wavefront that is incident on the CCD as (with R tho 2D position 
coordinate in the plane of SLM and CCD): 

30 ^oo2?(R) = 4lm(R-) + exp{27riK ho , • R} exp{ty}. (2) 

In the above equation, 0 represents a constant overall phase-difference between 
the two interfering wavefronts: for instance, it might be due to non-equal distances 
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Figure 3: Current ID- Set-up for reconstruction with phase-retrieval of one data 
page of information in holographic storage (with angle-mul%lexiiig). 

for the two light-paths of Fig. 3. The image intensity recorded on the COD then 
become?: 



25 



+ 

+ cxp{-2iriKhoi-R}exp{-i^} 

+ 4w(^)*'»cp{+ 2 ^Khai-R.}exp{+i 9 i}. (3) 

The first post-procossittg step comprises a 2D FFT (real-to-complex) in the "for- 
ward" direction applied on Icod(&)- This yields formally (with Si tho 2D fro- 
quency vector in the 2D Fourier plane): 



30 - CB(0) + SB+(fl) + SB-(fl) (4) 

where CB stands for Central Band and SB for Side Band in the Fourier transform 
of tho CCD image. The central band corresponds with tho Fourier transform 



5 



DEC . 200 3 • 17*19 Philips w nu «a ^ ««« , 038^12. 20oTn: 18: 36 

PHNL031472EPQ 

„ 08.12.2003 



5 of the tot two terms in ■* ® * ^^CSE^^- 
IveCt (wmche^ of thc tMrd 

So SB + and * the bandwidth of the 

attd fourth terms to ESq. 3). Due ^ theaM^ ^ sidebands. The 
central band is twice » largo g ^ b £Si ^ in the Fourier spectrum 
mag? ntudo of the wave vector Kj„i is chosen s ni the wave vector 

the Tdebands and centred do ^ ^J^ ^ sidebands are 
10 K*>» «* * ^!f.?*Sl^ttho Fourier spectrum, wWch corresponds 
positioned along the hor ^ft.^OD witb a vertical orientation of the fringes, 
to a fringe-pattern recorded on the ^T^^^^j^gjjy oriented fringes leading to 
But other choices are P°^ e >™^ f XLg^ in the 2D Fourier plana 
sidebands in "JjS? * JSf othe?S complex conjugate, as must 

^hor Bote Sito applied ou a rcal-valuod imago. 
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Note that the Ration in t^ 
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30 



Note that the ****** 

SBKSSSSSo to R), yielding the complex-valued 
wlvofront M: 

41.3 Bequirements put on the COD fe d ^ ^ 

The resolution of the COD — 

tion that is present in ^^a^elhXdwidth of the central band 
CCD only records the central band, andsmg w C0B ^ that are 
See that of ^ItT^^^^^Zt this Jrtra solution 
twice as narrow <* a (** * e h°»f 

toon ly ^^t^H tuSSd be to use rectang^arly sbaped 
direction as W shown ^^J^^^Mv^ ** tio of a faptoE tW °" 
pixels on the CCD, with a htms^mtai-wrwi^ 
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IcCD ( R ) 



ICCD (O) 




sb* (a) 



Picuro 4: Currant ID. Successive steps in post-processing on CCT-om^for Ufa, 
SSic recSuction with pba^rotrW of one datapage. (a) 2D forward FFT, 
SSS^StoW (SJ3+); (c) 2D backward FFT. 

414 Use of the Central Baud 

Ascribed above in tho holographic restoration, the central band information 
i ^£.7 A method to use that information as side-iriformation is proposed 
Zt Z £* £Z«SmXL* holography. It compri.es a signal proving 
in [3] for the i °J °^ ca n yield additional information on the amplitude 
TZ^uZS^^^ * case of low ^al-tc-noise 

ratios. 

4.1.5 Variations on tho Theme 

nthar related details that came up are; 

.use of a OOE Ssquara pixels, and detection of more than one page on asingfc 
COD ima* T wte the djfforont pages must have different wave vectors K^, in 

a ramoro<iimcmttobeusedmthepo3t-processmg. . . pnn 

nth^ ph^seSrieval methods are also possible, likedetectxonof aserxcsofCCD 
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4.2 Pha^IUtxi^ though aPha^PPta P"^ 

phase * of *w to ■* "> ^f'jS^ rf the reconstructed wm-ottout o» 
insured for each phase value f The phase or a ^ „. 

S doterroiuod N. the »--^^feS*^r*ita wivefeot ** * 
varied by chew** the ^J»TlS5lSa. 
a* display a mirror m ^ °^ 8IM ^ ft, phaao WW 

Iter mcample, consider tho ^™~JZ^_di»**tto» through two 
^ualtoO or * ftS^SSS*) 37- * - *• 

» foUo™ that the ^- »^SS£KC£S r pS^pS 
aa aibitraxy (noa-biaory) phaao front [5], 
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